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Open access under the ElPolyurethane/wood-based composites were synthesized with wood waste from furniture companies of
the north of Parana State and polyols obtained from chemically recycled poly(ethylene terephthalate)
(PET) and commercial polyols. Wood was chemically modiﬁed (maceration with peracetic acid) to pro-
vide phase adhesion. The composites were prepared with proportions of macerated wood waste (0–
25% m/m) and ﬁxed amounts of polyols and toluene diisocyanate (TDI). FTIR and SEM analysis indicated
adhesion of wood with polymer matrix. The relative Young’s modulus and relative tensile strength of the
composites conﬁrm this result, indicating effective load transfer from the matrix to the dispersed phase.
No signiﬁcant improvement in the thermal stability of the composites is observed.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Natural ﬁbers have been largely used to produce composites or
as reinforcers of thermoplastic and thermoset polymer matrixes in
textile, car, packaging, civil construction industry applications, and
so forth [1–5]. According to Mano, this growing interest is due to
the low cost and biodegrability of these rawmaterials and the good
mechanical properties that they impart to composites [6]. The
Brazilian association of the furniture industry, ABIMOVEL, esti-
mates that the number of furniture companies in Brazil is around
50,000, including formal and informal businesses. The furniture
pole of Arapongas, in the north of Parana State, is the second larg-
est in Brazil and the largest in Parana. Approximately 200 tons of
wood wastes are produced per day in the processing of solid wood
or reconstituted wood panels. Currently, these residues are used in
energy or charcoal production [7]. The generation of waste is a nat-
ural consequence of wood processing. Among these waste, sanding
dust and sawdust deserve special attention, as low density materi-
als require greater storage room and cause major pollution prob-
lems if they are not properly disposed [8,9].
Considering the growing interest in the use of natural ﬁbers in
the production of composites with different polymer matrixes,
wood wastes are an alternative source of ﬁbers, thus reducingx: +55 44 3011 4125.
alho).
sevier OA license.the environmental impact of the large amounts of waste produced
by the furniture industry [10]. For the synergy of the properties of
the composite components their respective phases must present
adhesion, which can be provided by ﬁber surface modiﬁcation
and/or the use of compatibilizing agents. Fiber surface can be mod-
iﬁed by different processes [11,12]. Some studies have demon-
strated that chemical treatments reduce ﬁber impurity, increase
the effective ﬁber surface area, and signiﬁcantly improve interfa-
cial matrix/ﬁber adhesion, thus reducing the tendency of dimen-
sional variation of wood with humidity [13,14]. This is due to the
binding of hydroxyls to other components, which are not available
to interact with water molecules [15,16]. The combination of prop-
erties of industrial waste wood-based ﬁbers and highly versatile
polymers, as polyurethane, can be used to produce composites
with speciﬁc properties. The nature of the ﬁbers, which are rich
in hydroxyls, suggests that they are particularly interesting in
polyurethane-based systems, in which the hydroxyl groups at the
ﬁber can form chemical bonds with diisocyanate N@C@O groups
[16–18].
A large variety of polyols are used in the production of polyure-
thanes. The polyols obtained by way of glycolysis of poly(ethylene
terephthalate) (PET) (polyester polyols) have been increasingly
used due to the possibility of obtaining products with different
molar weights and physical characteristics as a function of the gly-
col content, the stoichiometric ratio of reagents, and the reaction
conditions [18,19].
Table 1
Proportion of wood, TDI and polyols.
Sample Macerated wood (%) TDI (mL) PDG (g) PEG 4000 (g)
PU0 0 1.74 0.65 5.0
PU7.5 7.5 (0.56 g) 1.74 0.65 5.0
PU10 10 (0.74 g) 1.74 0.65 5.0
PU15 15 (1.11 g) 1.74 0.65 5.0
PU20 20 (1.48 g) 1.74 0.65 5.0
PU25 25 (1.85 g) 1.74 0.65 5.0
190 M. Fornasieri et al. / Composites: Part A 42 (2011) 189–195This work aims at synthesizing polyurethane/wood composites
fromwaste materials (wood, and polyols issued from partial degra-
dation of PET by ethylene glycol). The composites were character-
ized by chemical, thermal, morphological, andmechanical analyses.
2. Experimental
2.1. Wood preparation
Composites were made from wood waste coming from the Fur-
niture Park of Arapongas, in the north of Parana State, kindly sup-
plied by the Centro de Tecnologia em Ação e Desenvolvimento
Sustentável – CETEC. The samples were ground in a Marconi MA
340 mill (Macro vertical mill with a rotor of ﬁxed blades) and
sorted out in a ‘‘Produtest’’ Model ‘‘T’’ vibrating machine with
decreasing sieve meshes of 0.71 mm, 0.42 mm, 0.35 mm,
0.25 mm, 0.106 mm, and remains. Particles retained through
meshes 0.42 mm (26%) and 0.106 mm (14%) were sorted out for
sample preparation, as these sizes were in larger amounts than
the others. After that, as-prepared samples were washed with dis-
tilled water for 1 h under constant stirring at 80 C, and dried in
oven at 100 C until constant weight was obtained.
2.1.1. Wood maceration
Dried wood samples were immersed in glacial acetic acid,
120-volume hydrogen peroxide, and water at the percent rate of
50:38:12 for 12 h under continuous stirring at 60 C. Afterward,
the ﬁbers were washed with water until pH of nearly 7 and dried
in oven at 60 C for 24 h. Thereafter, the sample was identiﬁed
by label W-OH. TGA analysis indicated moisture percentage of
3.4 in the W-OH sample. Microscopic and spectroscopic analyses
were the technique used to characterize the W-OH.
2.2. Polyol characterization
The product of partial degradation of PET by ethylene glycol
(named PDG) (Mn = 905 g/mol) was prepared according to Viana
[20]. Polyethylene glycol (PEG 4000) (Mn = 4000 g/mol) and PDG
were characterized on basis of their hydroxyl content (IOH) [21]
and acidity content (ICOOH) [18].
To determine the acidity content (ICOOH), 1–2 g of PEG 4000 or
PDG was dissolved in 25 mL of acetone and titrated with 0.5 M
potassium hydroxide in alcoholic solution (KOH, Nuclear) previ-
ously standardized with potassium biphthalate using 1% phenol-
phthalein in alcohol as an indicator. The acidity content was
calculated applying following equation:
ICOOH ¼ V  56:11Mma ð1Þ
where ICOOH is the acidity content in mg KOH/g, V the volume of
KOH solution consumed in titration, M the concentration of the
KOH solution in mol/L and ma is the sample mass in grams.
2.3. Preparation of PU-TDI composites with macerated wood
2.3.1. Chemical modiﬁcation of wood
W-OH was placed in a 250 mL three-neck round-bottom ﬂask,
equipped with a magnetic stirrer, thermometer, condenser, and
soaked with 30 mL of ethyl acetate at 75 C for 30 min under con-
tinuous stirring. Toluene diisocyanate (TDI) was added into the
ﬂask and the reaction was continued for more 60 min at the same
temperature under continuous stirring. After that, the sample was
ﬁltered and washed three times with ethyl acetate and dried at
100 C until constant mass Dried wood sample (W-NCO) was char-
acterized by FTIR and the isocyanate content (%NCO) was deter-
mined by ASTM-D2572-80 [22].2.3.2. Synthesis of polyurethane/wood composites
All polyurethane/wood composites were synthesized using
4 mols of TDI, 0.5 mol of PEG 4000, and 0.275 mol of PDG. The
amounts of wood in the composites ranged from 0% to 25% in rela-
tion to the total composite mass (Table 1). A 250 mL three-neck
round-bottom ﬂask, equipped with a magnetic stirrer, thermome-
ter, condenser, was used as a polymerization reaction vessel. The
polymerization reaction was carried out in a oil bath at constant
temperature. The W-OH and 30.0 mL of ethyl acetate was intro-
duced into the ﬂask and the systemwas heated to 75 C, under stir-
ring. Then, TDI was added slightly with a dropper and the reaction
mixture was left to react for 60 min to obtain NCO-terminated
wood. After that, both PEG 4000 and PDG were also added and
the reaction was kept for more 20 min. The obtained material
was represented by the following PUX form, where X indicates
the percent of macerated wood in the composites. It was poured
onto a Teﬂon plate and the ethyl acetate was evaporated at room
temperature until weight constant (24 h). PU0 was obtained in
the same way of the PUX, but it does not contain macerated wood.
Afterward, both the composites and the PU0 samples were cut into
appropriate forms for characterization.
2.4. Characterization techniques
2.4.1. Fourier-transformed infrared photoacoustic spectroscopy
(FTIR-PAS)
Both the wood samples and the composites were analyzed by
infrared spectroscopy in a photoacoustic mode with use of a
BOMEN MB-100 apparatus. A total of 512 scans were run to reach
resolution of 2 cm1 for each spectrum.
2.4.2. Thermogravimetric analysis (TGA)
The thermal stability of the samples was determined on a NET-
ZSCH-STA 409 PSPG equipment with a heating rate of 10 C/min
and nitrogen stream of 20 mL/min.
2.4.3. Scanning electron microscopy (SEM)
Sample morphology was analyzed on a SHIMADZU SS-550
Superscan. The sample was cracked after the immersion in liquid
nitrogen for 10 min. Before observation by SEM, the samples were
sputtered with a thin layer of gold-on the respective cracked sec-
tions. SEM micrographs were taken at different magniﬁcations
applying an accelerating voltage of 40.0 kV and a current intensity
of 30.0 mA.
2.4.4. Mechanical tests
Stress–strain tests were performed on an EMIC DL2000 equip-
ment interfaced to a personal computer with the mechanical assay
control software MTest version 2.00. The samples were obtained
according to standard ASTM D638 (typeIV) with initial gage length
of 40.0 mm, width of 4.0 mm, and varying thicknesses. The tension
tests were conducted by applying a loading force of 2000 N and a
constant speed of 5 mmmin1. Tensile strength (r) and deforma-
tion (e) curves were plotted. The results were obtained as the aver-
age over at least ﬁve measurements.
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Fig. 2. FTIR-PAS spectra of: (a) untreated wood, (b) W-OH, and (c) W-NCO.
Table 2
Hydroxyl and carboxyl contents of PDG and commercial polyol PEG 4000.
Sample IOH
(mg KOH/g)
ICOOH
(mg KOH/g)
Mn
(g/mol)
Poly(ethylene glycol) 4000 28 2.3 3700
PDG 120 4.6 905
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3.1. Wood modiﬁcation
The chemical treatment of wood with peroxide in acidic
mediumaimed to improve ﬁber/polymer adhesion and promote
the exposure of the hydroxyl groups to serve as binding sites for
reaction with TDI. This treatment extracts ﬁber surface substances
such as fats, waxes, and part of the hemicellulose and lignin
[11,12,17]. Fig. 1 shows the SEM micrographics of wood before
and after chemical modiﬁcations.
Fig. 1a andb shows the SEMmicrographsof untreatedwood (par-
ticles retained in both the 0.42 mm and the 0.106 mm sieves). No
morphological differenceswere observed in themicrographs, allow-
ing that these two samples were mixture before maceration. Fig. 1c
and d shows the SEM micrographs of W-OH and W-NCO samples.
The images show changes on the ﬁber structure due to the reaction
between the TDI and thewood surface. Particles on the ﬁber surface
were observed after the reaction of wood macerated with TDI.
Fig. 2 shows the FTIR-PAS spectra of untreated wood samples,
W-NCO, and W-NCO.
The band at 3341 cm1 in the spectrum of macerated wood is
sharper due to the axial deformation of free hydroxyls. The band
in the region of 1000–1045 cm1 was assigned to the symmetric
>CAO stretching frequency of primary alcohol. The appearance of
the band in the spectral region of 1720–1745 cm1 after the reac-
tion of wood with TDI (Fig. 2d) was corresponded to the >C@O
stretching frequency of the urethane bonds, and the band at
2290 cm1 was attributed to the free N@C@O groups. For this sam-
ple, the free isocyanate content was determined at 13.63%.
3.2. Polyol characterization
The polyols used in this work were characterized as to acidity
and hydroxyl contents. These data were used in the calculation
of the molar weight using Eq. (2). The results are given in Table 2.
Mn ¼ 2 56:11 1000IOH þ ICOOH ð2ÞFig. 1. SEMmicrograph of: (a) untreated wood particles retained on the 0.42 mm sieves, (where Mn is the numerical average molar weight, IOH the hydroxyl
content in mg KOH/g, and ICOOH is the acidity content in mg KOH/g.3.3. Polyurethane/wood composites
3.3.1. FTIR-PAS analysis
The composites with different amounts of macerated wood pre-
sented a homogeneous aspect. Some compositions are shown in
Fig. 3. It can be noticed that the samples have a uniform aspectb) untreated wood particles retained on the 0.106 sieves, (c) W-OH, and (d) W-NCO.
Fig. 3. Wood-polyurethane composites: (a) PU0, (b) PU7.5, (c) PU20, and (d) PU25.
Table 3
R values of composite samples obtained from FTIR.
Sample PU0 PU7.5 PU10 PU15 PU20 PU25
R = A1535/A2880 0.37 0.39 0.44 0.48 0.45 0.27
192 M. Fornasieri et al. / Composites: Part A 42 (2011) 189–195and that the amount of macerated wood changes the material
transparency.
The FTIR-PAS spectra of the composites with different mass
fractions of wood are given in Fig. 4. The bands were assigned by
the comparison of the characteristic frequencies of the molecule
groups according to the literatures [23]. The intensity of the band
at 2273 cm1, corresponded to the free N@C@O stretching fre-
quency, decreases with the increase in the wood mass fraction.
All samples presented a band at 1720 cm1 for the stretching of
the carbonyl of the urethane bond and broadening of the band at
approximately 3300 cm1 due to the overlapping of the stretching
bands of OAH and NAH.
The proportion of polyols and isocyanate was kept constant,
while the W-OH fraction of each sample was varied. The band rel-
ative to the free N@C@O group (2273 cm1) decreased with the
increase in the amount of wood in the composite. This decrease
can be attributed to the formation of bonds between the free
N@C@O and the OH groups on the surface of the wood.
The band at 1535 cm1, attributed to ANHA bending, reﬂects
the total number of bonds between the OH groups issued from
wood, PDG and PEG polyols, and the NCO groups issued from
TDI. By normalizing the band at 1535 cm1 with respect to the
band at 2880 cm1 (>CHA stretching frequency), the differences
on the thickness of the samples could be corrected. Such normali-
zation, deﬁned as R = A1535/A2880, was calculated by the ratio
between the intensity of the band at 1535 cm1 and the intensity
of the band at 2880 cm1. Table 3 shows the R values of composite
samples. The R values were expected to increase with increasing
wood composition. However, this was not observed for both3600 3300 3000 2700 2400 1800 1500
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Fig. 4. FTIR-PAS spectra of polyurethane/wood composites: (a) PU0, (b) PU7.5, (c)
PU10, (d) PU15, (e) PU20, and (f) PU25.PU7.5 and PU25 samples. These results were obtained on basis of
SEM micrographs and mechanical analyses.3.3.2. SEM analysis
SEM micrographs of polyurethane/wood composites with vary-
ing amounts of macerated wood fractured in liquid nitrogen are
presented in Fig. 5A–E. The SEM images show two opposite mor-
phological situations: (a) domains of ﬁbers dispersed in the poly-
urethane matrix and a signiﬁcant interfacial interaction between
the ﬁber and the polymer (indicated by the arrows) can be
observed for PU7.5, PU10, PU15 and PU20 (Fig. 5A–D), which pre-
vents the ﬁber release from the polymer matrix, and (b) poor inter-
facial interaction between the ﬁbers and the polymer that
contributes for the ﬁber release from the polymer matrix, observed
for PU25 (Fig. 5E). There may not be adherence due to the increase
in the amount of the wood in the composites. We can infer that the
interaction between the phases is the result of the bonds of polyols
with the NCO groups of the TDI, which are covalently bonded to
AOH groups on the wood surface. Although the composites contain
the same amount of TDI and polyols, in sample PU25 the amount of
TDI is not sufﬁcient to react with all W-OH in the medium, contrib-
uting to reduce the amount of polyols covalently bonded to surface
wood and consequently the interaction between the phases.3.3.3. Mechanical tests
The mechanical behavior of composites PU7.5, PU10, PU15,
PU20, and PU25 with respect to PU0 can be veriﬁed in Fig. 6. The
relative values of properties were obtained by the ratio between
the composite properties and the PU0 properties. The relative
Young’s modulus and the relative tensile strength of the compos-
ites PU10, PU15, and PU20 are higher than those of the PU0. To
these compositions, the increase in the values of maximum tensile
strength and Young’s modulus indicates a signiﬁcant interfacial
interaction between the ﬁber and the polymer matrix, shown in
the SEM micrographs. The composite PU10 presented the maxi-
mum values of relative Young’s modulus and relative maximum
tensile strength of 21.2 MPa and 3.74 MPa, respectively.
The mechanical behavior of both the PU0 and the composites in
the stress–strain tests can be seen in Fig. 7. The stress–strain
curves of PU0 and of composites PU7.5, PU10, PU15, and PU20
are typical of ductile material. The after-assay length of these sam-
ples was greater than the initial length, demonstrating the plastic
elongation of the material; however, narrowing did not occur.
The curve of composite PU25 is more similar to that of a brittle
material, and the ﬁnal length is similar to the initial length. The
Fig. 5. SEM micrographs of polyurethane/wood composites: (A) PU7.5, (B) PU10, (C) PU15, (D) PU20, and (E) PU25.
PU0 PU7.5 PU10 PU15 PU20 PU25
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
R
el
at
iv
e 
va
lu
e
Sample
 Maximum tensile strength
 Young`s modulus
Fig. 6. Relative tensile strength and relative Young´s modulus of PU/wood compos-
ites with respect to PU0.
0 50 100 150 200 250 300
0
1
2
3
4
5
(a)  PU0
  (b)  PU7,5
  (c)  PU10
  (d)  PU15
  (e)  PU20
  (f)   PU25
(a)
(b)
(c)
(d)
(e)
(f)
Strain (%)
St
re
ss
 (M
Pa
)
Fig. 7. Stress–strain curves of PU and PU/wood composites.
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other composites, indicating a smaller interaction between the
phases.
The interface plays an important role in the mechanical proper-
ties of composite materials, as that is where load transfer from the
matrix to the dispersed phase occurs.
The load transfer from the polymer matrix to the dispersed
phase in the composites PU10, PU15, and PU20 is more effective,which increases the elasticity modulus and the maximum tensile
strength in relation to those of PU0. The load transfer was less
effective in the composites with 7.5% and 25% of wood.
FTIR analyses of sample PU25 showed that the R value is lower
than the samples containing smaller amount of wood. Further-
more, SEM micrographs (Fig. 5F) showed that part of the wood is
not adhered to the polymer matrix. These results corroborate the
mechanical analysis, strengthening the argument that the amount
0 200 400 600 800
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Fig. 8. DTG curves of macerated wood and polyurethane/wood composites.
Table 4
Onset (To) and maximum (Tmax) temperatures of the two decom-
position steps of composites and macerated wood.
Sample (PU/wood) Step To (C) Tmax (C)
PU0 1 230 294
2 359 399
PU7.5 1 239 294/339
2 372 415
PU10 1 232 297/332
2 365 412
PU15 1 245 296
2 372 413
PU20 1 239 296
2 372 413
PU25 1 246 299
2 332 354
3 377 410
Macerated wood 1 281 357
194 M. Fornasieri et al. / Composites: Part A 42 (2011) 189–195of wood is not sufﬁcient to react with all the wood in the medium.
As a result, the phase interaction and the load transfer are less
effective for this sample.
Mechanical results for sample PU7.5 suggested poor adhesion
between the phases. We suggest that the reaction of polyols and
NCO can be processed by a two-way reaction. In the ﬁrst way, there
may be heterogeneous reaction between the polyols (liquid phase)
and the W-NCO (solid phase) (diffusion controlled). In the second
way, there may also be a homogeneous reaction between the poly-
ols and the TDI (liquid phase). The heterogeneous reaction is
slower than the homogeneous reaction because it is a reaction that
requires diffusion of polyols onto the surface of W-NCO. For sample
PU7.5 it is supposed that the homogeneous reaction probably oc-
curs rather than the heterogeneous reaction, in view of the small
amount of wood. Therefore, the sample PU7.5 exhibits reduced val-
ues of both the Young’s modulus and the tensile strength, com-
pared with the other compositions and the same R value (Table
2) of the sample PU0.
The heterogeneous reaction rate is related to the amount of
wood composite, because the increase of the wood increases the
number of W-NCO groups available to establish interactions with
molecules of polyols. For the samples PU10, PU15 and PU20, a part
of polyols may be covalently bonded to surface W-NCO and an-
other part of polyols may be reacted with the TDI, thus forming a
more effective interaction between the phases.We can observe higher values of both Young‘s modulus and ten-
sile strength for the sample PU10, indicating that the wood propor-
tion of 10% is a threshold value for a good mechanical performance,
performance begins to decrease. So, for the composites with more
than 10% of wood, we can infer that the heterogeneous reaction is
controlled by diffusional process. Thus the number of W-NCO-
bonding polyol molecules decreases as the amount of wood
increases.
3.3.4. Thermogravimetric analysis
The thermal stability of PU0 and composites is an important
parameter for end-use product application. Therefore, TGA was
conducted in order to assess the effect of different weights of mac-
erated wood on the thermal properties of composites. Derivative
thermogravimetric curves (DTG) of polyurethane/wood compos-
ites, pure polyurethane, and macerated wood are show in Fig. 8.
The pure polyurethane and the composites presented a two-step
decomposition process, while macerated wood presented only
one-step. The ﬁrst decomposition step of the composites, between
230 and 380 C, corresponds to the decomposition of the urethane
groups and wood. The second step, between 360 and 460 C, corre-
sponds to the decomposition of the polyol segments. The maxi-
mum weight loss temperature (Tmax) of the ﬁrst decomposition
step in the DTG curve increased only slightly with the increase in
the amount of wood in the composite above 7.5% wood (m/m)
and the onset decomposition temperatures (To) did not vary signif-
icantly in this step. In the second decomposition step, both To and
Tmax increased slightly with the increase in the amount of wood in
the composites (Table 4), indicating no signiﬁcant improvement of
the thermal stability of the material due to the presence of wood.4. Conclusions
The maceration of industrial wood wastes with peracetic acid
exposes wood-surface hydroxyl groups and allows their reaction
with N@C@O groups of the TDI. The polyols obtained by chemically
recycled PET proved to be viable for the synthesis of the polymer
matrix.
Polyurethane/wood composites were produced using chemi-
cally modiﬁed furniture industry wood wastes and polyols ob-
tained from chemically recycled PET. FTIR-PAS analysis of the
wood ﬁbers and the composites indicated the reaction of ﬁber sur-
face groups with TDI. This reaction affords adhesion between the
polymer and the wood since the polymer matrix is partially, cova-
lently bonded to wood surface, contributing to form a more effec-
tive interaction between the phases, and load transfer from the
matrix to the dispersed phase. The covalent bonds between the
W-NCO and the polyols result in increased tensile strength and
Young’s modulus, which were maximum in the composite with
10% wood (m/m), (3.6 MPa and 21.2 MPa, respectively). The wood
proportion of 10% is a threshold value for a good mechanical per-
formance. The morphological analysis of cryofractured samples
by SEM showed adhesion between the phases for composite
PU7.5; PU10; PU15 and PU20. TGA analysis indicated no signiﬁcant
improvement in thermal stability of the composites, compared
with that of the pure polyurethane.
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